Photosynthesis, respiration and growth of Scotch pine seedlings by Gordon, John Charles
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1966
Photosynthesis, respiration and growth of Scotch
pine seedlings
John Charles Gordon
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agriculture Commons, Animal Sciences Commons, Natural Resources and
Conservation Commons, and the Natural Resources Management and Policy Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Gordon, John Charles, "Photosynthesis, respiration and growth of Scotch pine seedlings " (1966). Retrospective Theses and
Dissertations. 2897.
https://lib.dr.iastate.edu/rtd/2897
This dissertation has been 
microfilmed exactly as received 66—10,420 
GORDON, John Charles, 1939— 
PHOTOSYNTHESIS, RESPIRATION AND GROWTH 
OF SCOTCH PINE SEEDLINGS. 
Iowa State University of Science and Technology 
Ph.D., 1966 
Agriculture, forestry and wildlife 
University Microfilms, Inc., Ann Arbor, Michigan 
PHOTOSYNTHESIS, RESPIRATION AND GROWTH 
OF SCOTCH PINE SEEDLINGS 
by 
John Charles Gordon 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subjects: Silviculture 
Plant Pathology 
Approved : 
In Charge of Major Work 
Heads of Major Departments 
De^l of Graduate College 
Iowa State University 
Of Science and Technology 
Ame s, Iowa 
1966 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
INTRODUCTION 1 
REVIEW OF LITERATURE 4 
Growth and Distribution of Assimilate 4 
Photosynthesis and Respiration 7 
CO^ Exchange and Growth 11 
MATERIAL AND METHOD 13 
Seed Acquisition 13 
Study I 14 
Study II 16 
RESULTS 19 
Study I: Growth and Distribution of Assimilate 19 
Study I: Rates of Photosynthesis and Respiration 35 
Study II: Growth and Distribution of Assimilate 46 
Study II; Photosynthesis and Respiration 49 
DISCUSSION 74 
Growth and Distribution of Assimilate 74 
Photosynthesis and Respiration 76 
LITERATURE CITED 83 
ACKNOWLEDGEMENTS 89 
1 
INTRODUCTION 
Scotch pine (Pinus syl-vestris L.) is being planted extensively in 
Iowa and elsewhere in the United States, and has the largest natural 
range of any commercially important tree species. To aid in the selec­
tion and breeding of Scotch pine for specific production goals, the ex­
istence and magnitude of genetic variation in physiological processes 
within the species should be known, and the relationship of such variation, 
if it does exist, to intraspecific growth variation should be determined. 
The physiological response of Scotch pine to different levels of envi­
ronmental factors is also important, even in the absence of intraspecific 
variation, if an optimum plant-environment relationship for a given pro­
duction goal is to be created. 
The probability of detecting physiological variation within a 
species should be roughly proportional to the extent of its natural 
range, because more widely ranging populations will have been exposed 
to a greater range of selection pressures. Because of greater intra­
specific variation in wide-ranging species, the selection of variants 
for specific production sites and goals must be more rigorous. Rigorous 
selection requires detailed knowledge of both the inherent growth and 
physiological variation pattern and the more general responses of the 
species to environmental factors. 
Because Scotch pine exists over a broad latitudinal range, and shows 
a differential response to daylength among seed sources (Jensen and Gath­
erum 1965), and because photosynthesis is a light-controlled process, 
rates of photosynthesis and growth should vary with latitude of seed 
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source, when seedlings from different latitudinal sources are grown in a 
common environment. Because photosynthesis is an important yield deter­
mining process, variation in rates of photosynthesis should affect the 
productivity of the seed sources in the common environment. If variation 
in rates of photosynthesis exists, and the relationship of photosynthesis 
to growth can be elucidated, measurements of rates of photosynthesis could 
be used, with other criteria, to develop rapid selection methods. Since 
light intensity, CO^ concentration and temperature are the most important 
external factors affecting rate of photosynthesis, specific effects of 
these variables on rate of photosynthesis in Scotch pine and the extent 
of their interaction with each other and with genotype should be known. 
Respiration also is an important yield determining process and may be 
affected by the same factors affecting rates of photosynthesis. There­
fore, when rates of photosynthesis are measured by CO^ exchange, rates 
of respiration should be measured. 
For these reasons, Scotch pine seed was obtained from different 
European seed sources over a wide range of latitudes and a narrow range 
of longitudes, and controlled-environment studies were conducted to (1) 
test differences in rates of photosynthesis and respiration, and growth 
and distribution of assimilate among seed sources, and (2) determine 
the effects of light intensity, CO^ concentration and temperature on 
rates of photosynthesis and respiration. The specific objectives of 
the studies were (1) to determine the magnitude of differences among 
seed sources in growth and distribution of assimilate when grown in a 
common environment, and to determine the relationship of such differences 
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to latitude of seed source, (2) to test for among-source differences in 
rates of photosynthesis and respiration, and to determine the relation­
ship of such differences to latitude of seed source, (3) to define the 
relationship between selected levels of CO^, light intensity, and tem­
perature, and rates of photosynthesis and respiration, and (4) to detect 
interactions between environmental factors and latitude of seed source 
in their effects on rates of photosynthesis and respiration. 
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REVIEW OF LITERATURE 
Growth and Distribution of Assimilate 
Effect of seed source 
Intraspecific variation in Scotch pine has been under investigation 
for over a century. A concise review of the earlier investigations of 
growth variations within the species is presented by Echols (1958). 
Early work indicated that the source of seed affected response to en­
vironmental conditions and growth habit. Langlet (1936) was the first 
investigator to present a general theory, with supporting data, describ­
ing the genetic variation pattern within the species. He observed a 
progressive north to south series in measurements of several characters, 
including growth rate, in seedlings grown in Sweden from seed collected 
from 97 sites across the Swedish latitudinal range of the species. He 
concluded that variation in all of the characters measured was contin­
uous, and that therefore Scotch pine exhibited only clinal genetic var­
iation in response to the major climatic gradients across its range. 
Subsequent to Langlet's investigations, the effects of seed source on 
growth, survival and other characters were studied systematically by a 
number of researchers. Echols (1958) summarized langlet's (1943) com­
pilation of north-south trends. According to Langlet, seedlings will 
exhibit differences, with the northern sources showing, in comparison 
to the southern; 
1. Better overwintering capacity 
2. Greater resistance to parasitic fungi 
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3. Earlier beginning of growth in the spring 
4. Earlier cessation of growth in the autumn 
5„ Less total annual height growth 
6. Straighter stem form 
7. Fewer, shorter and weaker branches 
8. Shorter, broader and thicker needles 
9. More sugar, fat and catalase, but less water and 
chlorophyll in the needles in winter and autumn. 
Wright and Baldwin (1957), reporting the results of the lUFRO 
Scotch pine provenance test in New Hampshire, divided the range of 
Scotch pine into ecotypes on the basis of height growth, and thus 
challenged Langlet's clinal theory. Langlet (1959) took exception to 
Wright and Baldwin's interpretation of their data, and reasserted that 
variation within the species was solely clinal. Using trees from the 
same New Hampshire provenance test reported by Wright and Baldwin, Echols 
(1958) found a significant curvilinear relationship between latitude of 
seed source and tracheid length, and a less pronounced relationship be­
tween seed source and wood density. Gerhold (1959), also using trees 
from the New Hampshire provenance test, found two Scandinavian prov­
enances to be high in boron, nitrogen, and carotenoids, and low in iron 
and chlorophyll, on the basis of fall foliar analyses. Differences in 
fall color found by Gerhold could not be removed by fertilization and 
were therefore deemed genetic. 
Wright and Bull (1963) reviewed literature reporting geographic 
variation in Scotch pine and reported the results of a 3-year, 122-
6 
seed lot, provenance test in Michigan. They found trends in growth 
and morphology supporting Wright and Baldwin's division of the species 
into ecotypes. They also found most apparent adaptive trends to be 
north-south (latitudinal). These trends are summarized below: 
1. Most rapid height growth and greatest needle 
length occurred in progenies from central Europe; 
southern and northern provenances grew less rapidly 
and had shorter needles 
2. Seed size increased from north to south 
3. Date of the first year bud set was progressively 
later from north to south 
4. Two-needled clusters appeared first on northern 
progenies and later on southern progenies 
5. Northern progenies exhibited greatest winter 
color change 
6. Trees from the extreme north and south were more 
difficult to pull from the ground than those of 
intermediate provenance. 
The authors also offered an explanation of the evolution of Scotch 
pine ecotypes. West and Ledig (1964) found a significant difference 
among seed sources of Scotch pine in the amount of lammas shoot for­
mation. Stout (1964) investigated stem-crown relationships in several 
seed sources of Scotch pine and found the relationships varied signif­
icantly among seed sources. 
Wright and Bull's conclusions do not differ greatly from those 
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of Langlet, except as to whether intraspecific variation in Scotch pine 
is ecotypic or clinal. Latitudinal trends in some characteristics of 
Scotch pine are well established, and such trends appear when seed from 
several latitudinally disparate origins is grown in a common environment. 
Inasmuch as temperature during growth and photoperiod have been shown 
to affect the growth of Scotch pine seedlings from different seed sources 
differentially (Wareing 1950, Jensen and Gatherum 1965), it appears that 
Vaartaja (1954) was right when he hypothesized the existence of photo­
periodic ecotypes of Scotch pine. Vaartaja suggested that these ecotypes, 
modified by temperature, have arisen through natural selection in adap­
tive response to latitudinal daylength and temperature gradients. 
; Photosynthesis and Respiration 
Effect of seed source 
The effect of seed source on rate of photosynthesis in Scotch pine 
seedlings has been investigated by Gordon and Hagman (1966)^ who found 
greater photosynthesis per unit fresh weight of top, but less total 
photosynthesis, in seedlings from a Lapland seed source than in seedlings 
from more southerly seed sources. The effect of seed source on photo­
synthesis and respiration in conifer seedlings of other species has been 
studied by McGregor et al. (1961), Krueger and Ferrell (1962), and 
Bourdeau (1963). McGregor et al^., using 1-year-old loblolly pine seed-
^Personal communication from Max Hagman, Forest Research Institute 
of Finland, Helsinki, Finland. 
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lings, found a difference in net photosynthesis between Georgia and 
Florida seed sources, with the difference accounted for by a corres­
ponding difference in quantity of photosynthetic tissue. Krueger and 
Ferrell found differences in photosynthesis and respiration between 
Douglas fir seedlings from Rocky Mountain and Coastal seed sources. 
Bourdeau found that eastern white pine seedlings from southern seed 
sources were more efficient photosynthetically in weak light and had 
lower compensation points than those of northern origin, but that the 
southern sources were less efficient at low temperatures. Bourdeau 
concluded that genetic variability in photosynthetic and respiratory 
responses exists in white pine, but appears only under certain com­
binations of treatment and environmental conditions. 
The effect of genotype on photosynthesis and respiration has been 
investigated by Ruber and Bolster (1955) in poplar clones, by Bourdeau 
(1958a) in male and female aspen, by Bjurman (1959) in diploid and tetra-
ploid gooseberry, by Bourdeau and Mergen (1959) in polyploid slash pine 
seedlings, by Rusch (1959) in poplar clones, by Mooney and Billings 
(1961) in geographic variants of Oxyria digyna, by Bolster and Weisse 
(1962) in larch, by Kendall and Taylor (1963) in clones of red clover, 
and by Tonzig and Marre (1964) in poplar hybrids. The data indicate 
that genotype can affect photosynthesis in two ways; (1) by determin­
ing the quantity of photosynthetic tissue produced or (2) by determin­
ing the efficiency (CO^ fixed per unit tissue per unit time) of 
photosynthetic tissue. Efficiency may be changed by gene-controlled 
differences in leaf shape, leaf arrangement, internal structure, or 
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biochemical constitution. Respiration appears to be affected similarly 
by genetic factors. Because respiration may differ in light and dark 
(Decker 1957, Krotkov et al^. 1958), and only dark respiration can be 
readily measured, the relationship between genotype and respiration 
during photosynthesis is unclear. 
Effect of environmental factors 
The effect of light intensity on rate of photosynthesis in Scotch 
pine seedlings has been investigated by Stalfelt (1924) and Decker (1954). 
Stalfelt found a linear relationship between rate of net photosynthesis 
and light intensity up to one-third of full sunlight, and a more gradual 
' increase up to full sunlight. Decker found a positive, linear relation­
ship between light intensity and rate of net photosynthesis in the range 
of 1,800 to 6,400 foot-candles. Earlier, Kramer and Decker (1944) found 
that photosynthesis in individual loblolly pine needles was saturated at 
one-third of full sunlight, but that whole seedlings achieved maximum rates 
of photosynthesis only at full sunlight. The difference between saturation 
intensity in individual needles and whole seedlings was ascribed to 
mutual shading of needles on seedlings. The effect of light intensity 
on photosynthesis and respiration in trees of other species has been 
investigated by Wassink e^ a^. (1956), Kozlowski (1949, 1957), Bourdeau 
(1958b), Pavletic and Lieth (1958), Negisi et aj^. (1961), Clark (1961), 
Sirois and Cooper (1962), and others. It is commonly held that the 
so-called intolerant pines do not reach light saturation of photo­
synthesis until full sunlight intensities are reached, if then. It is 
assumed that hardwoods, at least those tolerant of shade, reach photo-
I 
10 
synthetic light saturation at intensities equivalent to one-third of full 
sunlight (Kramer and Decker 1944, Kramer and Kozlowski 1960). General 
discussions of the analytics of photosynthesis vs. light intensity curves 
may be found in Rabinowitch (1951), and Thomas (1965). 
Free land (1944) reported photosynthesis in Scotch pine at -6°C. 
Iwanoff and Kossowitch (1929) found that photosynthetic activity of 
Scotch pine decreased sharply during winter. The effect of temperature 
on photosynthesis and respiration of other coniferous species has been 
investigated by Clark (1961), Stalfelt (1924), Decker (1944), Tranquillini 
(1955), Pisek and Rehner (1958), Pisek and Winkler (1959), Pharis and 
Woods (1960), Parker (1961), and Negisi and Satoo (1961a). In most con­
iferous species studied, maximum net photosynthesis occurred in the range 
of 10 to 25°C, with more northerly species reaching maxima in the lower 
half of the range. As temperature rose above 0°C, the net photosynthesis 
to dark respiration ratio decreased. 
The effect of atmospheric CO^ concentration on rate of photosynthesis 
in Scotch pine was investigated by Stalfelt (1924). He found that photo­
synthesis increased if CO^ concentration was increased above the normal 
atmospheric concentration, but that high concentrations were injurious. 
No information is available concerning the CO^ compensation point of 
Scot'ch pine seedlings. Negisi and Satoo (1961b) found a linear re­
lationship between CO^ concentration and net photosynthesis in the 220 
to 330 ppm range, for two Japanese tree species. Rabinowitch (1951) 
and Thomas (1965) present general reviews of the effect of CO^ concen­
tration on rates of photosynthesis. Decker (1959) discusses the concept 
; 
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of COg compensation point. 
For a more comprehensive review of the effects of environmental 
factors on photosynthesis in trees, see Kramer (1957). 
COg Exchange and Growth 
Baker (1950) and Kramer and Kozlowski (1960) discuss the relation­
ship among photosynthesis, respiration, carbohydrate storage, growth and 
distribution of assimilate in trees. In general, current photosynthate 
not used in respiration is either used in the elaboration of new proto­
plasm or stored as starch. Kozlowski and Winget (1964) reported that 
most of the reserve food used in shoot elongation of red pine came from 
old needles. Larson (1964) observed that red pine seedlings made better 
height growth when previous year, rather than current year, needles were 
left unshaded. 
Bourdeau (1958c) investigated the relationship between growth and 
unit rate of photosynthesis in seedlings of several coniferous species 
P+R 
and suggested the use of a (P = net photosynthesis, R = dark res­
piration) ratio for the rapid screening of nursery stock for individuals 
likely to exhibit rapid growth. Wassink and Richardson (1951) studied 
the relationship between shoot illumination and root growth in sycamore 
maple and northern red oak. They found that for sycamore maple rate of 
root growth was related directly to rate of photosynthesis, but that 
northern red oak did not rely on currently produced photosynthate for 
/ 
root growth. 
Ladell (1963) found a relationship between needle density and 
tracheid length in Scotch pine. Ovington (1962) discusses the relation-
/ 
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ship between photosynthesis and growth in woodland ecosystems. Thut 
and Loomis (1944) point out that net photosynthesis determines the dry 
matter content of plant tissue but that growth depends to a considerable 
extent on hydration and other factors. It has been suggested that the 
photosynthetic process is a direct participant in the photoperiodic re­
action of cocklebur (Bonner and Liverman 1953). Watson (1947), reporting 
on the variation in net assimilation rate of field crops between species 
and varieties, stated that increment dry matter in any interval of time 
is the integral of the product of net assimilation rate and leaf area; 
and that leaf area may be regarded as the integrated measure of all com­
plexities of growth and differentiation other than the assimilatory 
process. 
I 
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MATERIAL AND METHOD 
Seed Acquisition 
Seed was acquired in 1963 from eight European sources (Table 1). 
The seed was supplied by governmental agencies and a private seed dealer. 
For all seed lots, origin was certified by the agency or dealer, and in­
formation descriptive of the place of origin supplied. All seed was 
stand collected. Seed sources were chosen to sample the north-south 
European range of Scotch pine, to minimize longitudinal distribution 
and to lie in Eastern Europe, where natural stands are most frequently 
encountered. Because Scotch pine does not occur naturally at lower el­
evations in the Southern portion of its range, it was impossible to ob­
tain seed lots of identical elevational origin. 
Table 1. Seed origin 
ISU Country Locality North East Elevation 
Number Latitude Longitude meters 
211 Finland Kivalo 66° 26° 150 
210 Finland Vilppula 62° 24° 100 
208 Finland Hango 60° 23° 15 
217 Latvia Lernburg 57° 25° 100 
216 Poland Olsztyn 54° 20° 137 
214 Czechoslovakia Habry 50° 16° 780 
215 Czechoslovakia Presov 49° 21° 690 
218 Bulgaria Rhodopes 42° 25° 1,220 
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Study I 
Seed from the eight seed sources was sown in 1-gallon pots in the 
greenhouse in a randomized complete block design on November 24, 1964. 
From the time of sowing until the seedlings were removed from the green­
house, they were exposed to a 16-hour photoperiod, obtained by lengthen­
ing natural daylight with incandescent lamps. The light intensity sup­
plied by the lamps was 40 foot-candles at pot height. The soil in which 
the seed was sown was a 1:1:1 mixture of acid peat, sand and Clarion loam. 
After germination the seedlings were thinned to two per pot. 
Height was measured twice (May 25, 1965 and July 8, 1965) during 
the growth period. At the time of the first height measurement, the 
seedlings were thinned to one per pot by severing stems at the soil line. 
From the seedling tops thus removed, three of each seed source were drawn 
at random and fresh and dry weights obtained for the entire top, juvenile 
needles (strap-shaped needles appearing first and borne singly), mature 
needles (needles borne two to a fascicle appearing in the axils of juve­
nile needles) and the stem. 
After all seedlings had set bud in late July, they were divided 
into three experimental groups of adjacent, eight-seedling blocks. One 
group, consisting of two blocks, was used for equipment testing. The 
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first group of six blocks (group I) was used to determine the effect of 
seed source on rates of photosynthesis and respiration at one light in­
tensity (6,000 foot-candles). The second group of six blocks (group II) 
was used to determine the effect of seed source and light intensity on 
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rates of photosynthesis and respiration. The two light intensities used 
were 3,000 and 9,000 foot-candles, and a split-plot experimental design 
was employed, with adjacent blocks combined to make the main units to 
which the two intensities were randomly applied. 
Rates of net photosynthesis were measured in the laboratory by en­
closing each seedling in a controlled-environment chamber (described in 
Broerman, et_ aJL., 1966% exposing it to the appropriate light intensity 
for a 10-minute preconditioning period and then monitoring the change 
in carbon dioxide concentration within the closed system with an infra­
red gas analyzer. The pot was enclosed in a 3-mil polythylene bag sealed 
around the base of the stem to isolate CO^ evolved in soil respiration 
from the measurement system. The output signal from the gas analyzer 
was recorded on a strip-chart, and a tangent to the curve thus generated 
was drawn at the point where the curve crossed the chart line indicating 
a carbon dioxide concentration of 400 ppm. From this tangent the rate 
of consumption or evolution of carbon dioxide in ppm per hour was com­
puted, and these rates were converted to rates in mg CO^ per hour, per 
seedling and per gram fresh and dry weight of needles, by a computer pro­
gram. Rates of dark respiration were measured by darkening the chamber 
with light-tight cloth immediately after measuring rate of net photo­
synthesis and proceeding as above. Rates of gross photosynthesis were 
obtained by adding rates of net photosynthesis and dark respiration. 
Chamber temperature was maintained at 15 + 1°C for all measurements. 
After rates of photosynthesis and respiration were measured, all 
seedlings were immediately harvested, and height and fresh and dry 
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weights of the top, stem, juvenile needles, mature needles and roots were 
recorded. Dry weights were obtained by drying the fresh material for 24 
hours in a 70°C oven. 
For both experiments, one block or main unit was moved from the 
greenhouse to the laboratory during one day so that greenhouse blocks 
became time blocks for the rate measurements. Preliminary testing 
showed no effect of time of day, during daylight, on rates of photo­
synthesis and respiration. All laboratory measurements for the two 
experiments were made within a 12-day period. 
Study II 
On the basis of preliminary experiments three seed sources ex­
hibiting good growth were selected from the original eight. These 
were 208, a northern source, 216, a low altitude central European 
source, and 214, a higher altitude central European source. Seedlings 
from the three sources were started in the greenhouse on the same date 
in late fall, moved to the nursery the following summer, and returned 
to the greenhouse in the fall, where they were grown until rates of photo­
synthesis and respiration were measured early in the summer of the second 
year. While in the greenhouse, a constant 16-hour photoperiod was main­
tained as in Study I. At the time of measurement, all seedlings had com­
pleted a second flush of height growth. These seedlings were used in ex­
periments (1) to determine the effect of seed source, light intensity, 
needle temperature, and CO^ concentration on rates of photosynthesis 
and respiration, and (2) to determine the effect of seed source, high 
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light intensity, and temperature on CO^ compensation point and time to 
reach CO^ compensation point. A three-replicated, randomized complete 
block design with a factorial arrangement of treatments was used in the 
first experiment. As previously, greenhouse blocks were transformed into 
blocks in time for laboratory measurements. Light intensities of 3,000, 
6,000 and 9,000 foot-candles, chamber temperatures of 5° and 15° and 
COg concentrations of 400, 300, and 200 ppm were used. Needle temper­
atures were measured potentiometrically with copper-constantin thermo­
couples . 
Each seedling of a specified treatment combination was sealed in 
a controlled-environment chamber having a CO^ concentration of approx­
imately 450 ppm, exposed to the appropriate temperature and light in­
tensity, and left in the chamber until CO^ concentration ceased to de­
crease. Before being placed in the chamber, the pot containing the seed­
ling was watered, allowed to drain, sealed in a polyethylene bag, and the 
entire seedling weighed. When the CO^ concentration decreased to the 
point of no detectable change over a 10-minute period, the chamber was 
darkened and CO^ evolution recorded for a 20-minute period. The seedling 
was then removed from the chamber, weighed and harvested. Height and 
fresh and dry weights of stem, top, needles and roots were recorded. From 
the recorded curves of CO^ depletion, rates of net photosynthesis were 
determined by drawing tangent lines at each of the three CO^ concen­
trations and proceeding as in Study I. From the recorded curve of CO^ 
evolution in the dark, rate of dark respiration was computed by using 
the change in CO^ concentration during the second 10 minutes 
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of the 20-ininute dark period. Gross photosynthesis was computed by adding 
rates of net photosynthesis and dark respiration. 
Analyses of variance and planned comparisons were carried out for 
each photosynthesis variable at each of the three CO^ concentrations; 
for respiration, CO^ compensation point, and time elapsed to CO^ compen­
sation point; and for the height and weight data. 
Two subsequent experiments were carried out using similar seedlings 
of the same three seed sources to determine the effect of lower light 
intensities and seed source on rates of photosynthesis and respiration. 
Light intensities of 50, 350, and 650 foot-candles and 1,200, 1,800, and 
2,400 foot-candles were employed. Short-time rates of net photosynthesis 
and dark respiration at a CO^ concentration of 400 ppm were measured as 
in Study I. Analyses of variance and planned comparisons were carried 
out on all dependent variables according to the randomized complete block 
designs employed. 
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RESULTS 
Study I: Growth and Distribution of Assimilate 
Effect of seed source 
Growth varied significantly among the eight seed sources (Figure 
1). Most growth variables showed a curvilinear relationship with lat­
itude of seed source, with growth maxima occurring at latitudes between 
47° and 51°^. 
Height Height measured during, ajid. at the end of the growth 
period showed a curvilinear relationship with latitude of seed source. 
The latitude of calculated maximum height obtained by differentiating 
the second-degree polynomial of best fit, was 50° (Figure 2). 
Fresh and dry weight Fresh and dry weights of seedlings and of 
seedling tops, mature needles and total needles exhibited a curvilinear 
relationship with latitude of seed source (Figures 3 and 4). Fresh and 
dry weights of stems and roots were strongly related to latitude of seed 
source, but the quadratic component of the latitude of seed source sum 
of squares was not consistently significant at the one percent probabil­
ity level (Table 2). Fresh and dry weights of juvenile needles were re­
lated linearly to latitude of seed source, but were less variable than 
fresh and dry weights of mature needles (Figure 5, Table 2). The inter­
mediate sample of seedling tops, taken during the growth period, in-
^All latitudes presented are north latitudes. 
Figure 1. One replication of the eight seed sources just 
before harvest. (Top, left to right, 66 , 62 , 
60°, 57°; Bottom, left to right, 54°, 49 , 50 , 
42°). 
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Figure 2. The relationship between height and latitude 
of seed source for three measurement dates. 
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B A = 7 /8  
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Figure 3. The relationship between fresh weight and 
latitude of seed source. 
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Figure 4. The relationship between dry weight and latitude of 
seed source. 
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Figure 5. The relationship between fresh weight of juvenile 
and mature needles, and latitude of seed source. 
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Table 2. Mean squares from analyses of variance for fresh and dry weight data 
Dependent variable Replication 
Source of Variation 
Seed source Error 
5 d.f.' 
total 
7 d.f. 
Fresh wt. top 2. 59 
Fresh wt. stem 0. 17 
Fresh wt. juvenile needles 0. 11 
Fresh wt. mature needles 1. 52 
Fresh wt. total needles 1. 53 
Fresh wt. roots 3. 72 
Fresh wt. total 12. 05 
Dry wt. top 0. 24 
Dry wt. stem 0. 01 
Dry wt. juvenile needles 0. 01 
Dry wt. mature needles 0. 13 
Dry wt. total needles 0. 14 
Dry wt. roots 0. 11 
Dry wt. total 0. ,65 
(linear) 
(1 d.f.) 
(quadratic) 
(1 d.f.) 
(lack of fit) 
(5 d.f.) 35 d.f. 
19.74f 
0 . 6 0  
0.18 
11.36* 
13.69* 
6.69* 
47.83 
** 
92.60 
2.64 
0.65 
51.60 
64.05 
21 .20  
202 .20"  
** 
** 
** 
** 
** 
* ** 
1.65* 7.49** 
0.05 
0.01* 0.07** 
0.93* 4.00** 
1.14 
0.17 0.60** 
2.84 • 12.32 
28.60, 
1 . 0 1  
0 .02  
17,80 
19.05 
13.62 
82.80 
** 
* 
3.42 
0 . 1 1  
0.11  
2.03 
2.56 
2.40 
10.16  
2.58** 0. 30 
0.09 0. 01 
0.01** 0. 01 
1.49** 0. 20 
1.76** 0. 22 
0.39** 0. 04 
4.98 0. 52 
2.98 
0 . 1 6  
0 .08  
1.75 
2 . 0 1  
2 . 1 0  
9.48 
0.23 
0 . 0 1  
0 . 0 1  
0.14 
0.16  
0.05 
0.48 
^d.f. = degrees of freedom. 
^Significant at the 5% probability level. 
irk 
Significant at the 1% probability level. 
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dicated that the latitudinal pattern of needle, stem and top weights was 
established at least two months before the final measurements were taken 
(Table 3). Maxima for all weight variables exhibiting a curvilinear re-; 
lationship with latitude of seed source occurred between 47° and 50° 
(Figures 3 and 4). 
Shoot-root ratios Shoot-root ratios, based on mean fresh and 
dry weights of tops and roots, varied in a curvilinear fashion with lat­
itude of seed source (Figure 6). No estimate of error was possible be­
cause shoot-root ratios for individual seedlings were not computed. A 
second degree polynomial relating shoot-root ratio to latitude of seed 
source accounted for approximately 90 percent of variation in mean shoot-
root ratios. 
Percent distribution of assimilate Percents of total dry weight 
found in different portions of the seedlings are presented in Table 4. 
Percent of total dry weight in the needles increased with decreasing 
latitude of seed source, and percent of total dry weight in the roots 
decreased with decreasing latitude of seed source. 
Non-latitudinal variations Departures from the curvilinear or 
linear relationship with latitude of seed source exhibited by growth 
variables were small but perhaps biologically significant. Two major 
discontinuities were apparent; the first between the three sources orig­
inating north of the Baltic (66°, 62°, 60°) and the central European 
sources (57°, 54°, 50°, 49°), and the second between the central Euro­
pean sources and the single southern European source (42°) (dashed 
lines. Figure 3). 
Table 3. Mean fresh and dry weights from the intermediate sample of seedling tops 
Fresh weight Dry weight 
source Top Stem Juvenile Mature Total Top Stem Juvenile Mature Total 
needles needles needles needles needles needles 
n g S g g g g g g g g 
66 (211) 0.30 0.03 0.13 0.14 0.27 0.11 0.01 0.05 0.05 0.10 
62°(210) 0.68 0.07 0.12 0.49 0.61 0.23 0.03 0.04 0.16 0.20 
60°(208) 1.16 0.15 0.17 0.84 1.01 0.40 0.08 0.05 0.27 0.32 
57°(217) 1.01 0.12 0.18 0.71 0.89 0.28 0.04 0.06 0.18 0.24 
54°(216) 1.30 0.28 0.35 0.67 1.02 0.39 0.10 0.11 0.18 0.29 
50°(214) 1.46 0.42 0.48 0.56 1.04 0.40 0.13 0.16 0.11 0.27 
49°(215) 1.84 0.43 0.42 0.99 1.41 0.54 0.15 0.14 0.25 0.39 
42°(218) 1.50 0.44 0.38 0.68 1.06 0.45 0.13 0.16 0.16 0.32 
Table 4. Percent distribution of assimilate (dry weight) 
66°(211) 62°(210) 60°(208) 57°(217) 54°(216) 50°(214) 49°(215) 42°(218) 
Top 55.2 61.0 68.1 67.5 71.0 73.4 70.4 72.1 
Needles 41.4 45.6 54.9 56.4 54.1 59.9 57.9 58.1 
Stem 13.8 15.4 13.2 11.1 16.9 13.5 12.5 14.0 
Roots 44.8 39.0 31.9 32.5 29.0 26.6 29.6 27.9 
Figure 6. The relationship between shoot-root ratio and 
latitude of seed source. 
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Study I: Rates of Photosynthesis and Respiration 
Effect of seed source 
Rates of net and gross photosynthesis, expressed on a per seedling 
basis, varied in a curvilinear fashion with latitude of seed source, and 
maximum rates occurred at approximately 50°. Rates of net and gross 
photosynthesis expressed per gram fresh or dry weight of needles also 
varied in a curvilinear fashion with latitude of seed source. However, 
maximum rates occurred in seedlings of the northernmost seed source, which 
grew least. Minimum rates occurred at approximately 50°, the latitude at 
which total needle weights were maximum (Figures 7 and 8, Table 5). 
Discontinuities in the relationship between net and gross photo­
synthesis per seedling and latitude of seed source occurred at the same 
latitudes as the discontinuities that occurred in the relationships be­
tween growth variables and latitude of seed source (dashed lines. Figure 
7). These discontinuities did not appear, however, when rates of photo­
synthesis per gram of fresh or dry needle weight were plotted over lat­
itude. 
No significant differences occurred in rates of respiration among 
seed sources, but addition of rates of respiration to rates of net photo­
synthesis strengthened the relationship between latitude of seed source 
and rates of (gross) photosynthesis (Table 5). Rates of respiration 
were at or just under threshold values for accurate short-time detection 
by the measurement system; therefore, instrumental error may be partially 
responsible for the great variability in observed rates. 
Table 5. Mean squares from analyses of variance for photosynthesis and respiration data 
Dependent variable 
Net photosynthesis/ 
seedling 
Net photosynthesis/ 
g fresh wt. 
Net photosynthesis/ 
g dry wt. 
Respiration/seedling 
Respiration/g 
fresh wt. 
Respiration/g 
dry wt. 
Gross photosynthesis/ 
seedling 
Gross photosynthesis/ 
g fresh wt. 
Gross photosynthesis/ 
g dry wt. 
Replication 
Source of Variation 
Seed source Error 
total (linear) (quadratic) (lack of fit) 
5 d.f.* 7 d.f. (1 d.f.) (1 d.f.) (5 d.f.) 35 d.f. 
34.6 
11.1 
30.2 
13.5 
123.3 
75,2 
47,1 
60.4 
140.0 
** 
116.5 1,162.3 
** 
11.9 
3.8 
32.5 
109.4 
** 
176,4 
468.1 1,470.2 
** 
142.1 
450.0 
** 
3,772.8 
0,3 
14,1 
118,9 
** 
* 
129.0 
6 2 2 . 0  
5,231.3 
** 
109.7' 
365.0 
3,083.l' 
** 
** 
4.9 
3.4 
46.3 
161.0 
* 
434,1 
** 
3,884,9 
** 
35,6 
33.0 
213,4 
15.6 
1.9 
12.5 
95.2 
35.7 
235.1 
20,9 
13.0 
136,3 
6.7 
4.2 
38.5 
31.4 
27.2 
263.5 
w 
^d.f. = degrees of freedom. 
"k 
Significant at the 5% probability level. 
Significant at the 1% probability level. 
I 
Figure 7. The relationship between rate of gross photosynthesis 
per seedling and per gram fresh and dry weight of 
needles, and latitude of seed source. 
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Figure 8. The relationship between rate of net photosynthesis 
per seedling and per gram fresh and dry weight of 
needles, and latitude of seed source. 
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Effect of light intensity 
Light intensity and latitude of seed source had an interacting effect 
on rate of net photosynthesis when expressed per gram of needle dry weight 
(Table 6). The northernmost seed source (66°) exhibited a decrease in 
rate of net photosynthesis over the 3,000 to 9,000 foot-candle range, 
while the next seed source south (62°) exhibited an increase in rate of 
net photosynthesis over the same light intensity range (Figure 9). When 
rates of photosynthesis measured at 6,000 foot-candles were plotted with 
the rates at 3,000 and 9,000 foot-candles for all seed sources, the greatest 
variation in rate of photosynthesis was again exhibited by the two northern­
most sources (Figure 10). 
Table 6. Mean squares from analyses of variance for photosynthesis and 
respiration data, group II 
Source of variation 
Dependent Replication Light Error a Seed Seed source Error b 
variable intensity source X light int. 
2 d.f.* 1 d.f. 2 d.f. 7 d.f. 7 d.f. 28 d.f. 
Net Ps/ 
seedling 27.3 13.7 41.9 95.5 41.6 28.8 
Net Ps/g ** 
fresh wt. 0.3 11.7 8.4 30.1 2.2 2.7 
Net Ps/g ** * 
dry wt. 18.7 57.0 34.9 114.0 42.0 17.8 
^d.f. = degrees of freedom , 
* 
Significant at the 5% probability level 
Significant at the 1% probability level 
I 
Figure 9. The relationship between rate of net photosynthesis 
per gram dry weight of needles and latitude of seed 
source, for light intensities of 3,000 and 9,000 
foot-candles. 
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Figure 10. The relationship of rate of net photosynthesis 
per gram dry weight of needles to light intensity, 
for the eight seed sources. 
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Study II: Growth and Distribution of Assimilate 
Effect of seed source 
Growth data for second-year seedlings were taken in three experiments, 
each corresponding to an experiment in which rates of photosynthesis were 
measured. In all three experiments, seed was sown on the same day, and 
the seedlings were grown in the same environment. Inasmuch as results of 
the three experiments were similar, only the results of the first study 
are presented. 
Height, fresh and dry weights of top, stem, needles, roots and total 
seedlings were greater for the seed sources from 54° and 50° than for the 
seed source from 60° (Table 7), The seed source from 54° produced slight­
ly more total dry weight than the seed source from 50°, with the difference 
occurring mainly in the needles. Mean values of the other growth varia­
bles were consistently, but not significantly, greater for the seed source 
from 54° than for the seed source from 50° (Table 8). Apparently in seed­
lings older than one year, the latitudinal growth pattern exhibited in the 
first year was retained, but the growth maxima were shifted north. Shoot-
root ratios were similar for all three seed sources, but in the seed source 
from 54°,a greater percent of total dry weight occurred in the needles. 
Regression analyses between growth variables and latitude of seed 
source were not carried out; therefore latitudes of maximum growth could 
not be calculated. 
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Table 7. Mean squares from analyses of variance for growth variables 
Dependent 
variable 
Replication 
1 d.f. 
total 
2 d.f. 
Seed Source 
(Ci)' (cp 
Error 
(1 d.f.) (1 d.f.) 32 d.f. 
Height 50.17 
Fresh wt. top 208.80 
Fresh wt. stem 17.33 
Fresh wt. needles 106.16 
Fresh wt. roots 322.20 
Fresh wt. total 2,673.58 
112.69 
544.66 
63.92 
275.77 
548.06^ 
1,453.48 
** 
** 
* 
180.50 
** 
665.40 
122.62 
217.57 
940.04 
2,450.00 
** 
** 
** 
** 
48.16 
423.36 
5.42 
333.02 
157.29 
456.30 
îViV 
36.58 
54.65 
6.55 
30.44 
154.75 
368.79 
Dry wt. 
Dry wt. 
Dry wt. 
Dry wt. 
Dry wt. 
top 
stem 
needles 
roots 
total 
9.98 
2.72 
2 . 2 8  
55.18 
112.29 
68.54^ 
25.32* 
158.37 
78.88** 
12.80* 
27-83** 
50.60** 
256.28 
58.41 
0.65 
46.70 
0.03 
60.67 
** 
** 
8.96 
0.85 
5.52 
6.65 
24.01 
= Comparison 1; 208(60°) vs mean of 216(54°) and 214(50°). 
= Comparison 2; 216(54°) vs 214(50°). 
'^d.f. = degrees of freedom. 
Significant at the 5% probability level. 
Significant at the 1% probability level. 
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Table 8. Means for growth variables 
Dependent variable Seed Source 
units 208(60°) 216(54°) 214(50°) 
Height cm. 16 .2  22.4 19.5 
Fresh wt. top 
Fresh wt. stem 
Fresh wt. needles 
Fresh wt. roots 
Fresh wt. total 
Dry wt. top 
Dry wt. stem 
Dry wt. needles 
Dry wt. roots 
Dry wt. total 
g 
g 
g 
g 
g 
g 
g 
18.20 
4.42 
13.77 
20 .61  
43.67 
6 .81  
1.86 
4.96 
5.04 
11.85 
31.52 
8 . 8 1  
22.71 
34.01 
65.53 
11.51 
3.29 
8 . 2 2  
7.59 
19.10 
23.12 
7.86 
15.26 
28.89 
56.81 
8.39 
2.96 
5.43 
7.52 
15.92 
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Study II; Photosynthesis and Respiration 
Rates of photosynthesis and respiration were measured in three ex­
periments. The randomized complete block experiment employing a facto­
rial arrangement of temperature, light intensity and seed source treat­
ments showed no significant interactions among these three independent 
variables in their effects on rates of photosynthesis, respiration, and 
COg compensation point. Interactions between CO^ concentration and the 
other three independent variables were obviously present but were statis­
tically untestable because analyses of variance were carried out within 
each of three CO^ concentrations. The two other randomized complete 
block experiments, which employed light intensities of 1,200, 1,800 and 
2,400 foot-candles and 50, 350 and 650 foot-candles, showed no inter­
acting effects of seed source and light intensity on rates of photo­
synthesis or respiration. 
Rates of gross photosynthesis (sum of rates of dark respiration 
and rates of net photosynthesis) are subject to possible error from 
two sources; dark respiration may not correspond to light respiration, 
and, in the experiment employing temperature as a treatment, needle 
temperatures were lower in the dark than in the light. 
Effect of seed source 
Seed source had no effect on the magnitude of CO^ compensation 
point or time to reach CO^ compensation point (Tables 9 and 11). At a 
CO^ concentration of 400 ppm, seed source had no effect on rates of net 
or gross photosynthesis, but at a CO^ concentration of 300 ppm, rate 
50 
Table 9. Mean CO^ compensation points and time to reach CO^ compen­
sation point by seed source 
Seed source CO compensation 
point 
Time to reach CO^ 
compensation point 
ppm minutes 
60°(208) 161 154 
54°(216) 141 122 
50°(214) 148 144 
of gross photosynthesis per seedling was less in the northernmost (60°) 
seed source than the mean of the two central European sources (54° and 50°). 
At the 200 ppm CO^ concentration, rates of net and gross photosynthesis per 
seedling were greater in the seed source from 54° than in either of the 
other two seed sources (Tables 10 and 11). No differences due to seed 
source occurred in rates of photosynthesis per gram of fresh or dry 
needle weight in the experiment with light intensities of 3,000, 6,000 
and 9,000 foot-candles (Table 11). In the experiment with light inten­
sities of 1,200, 1,800 and 2,400 foot-candles, rate of gross photosyn­
thesis per seedling of the seed source from 54° was greater than the 
rate of the seed source from 50°. Rates for both the 50° and 60° sources 
were less than the rates for the 54° source (Tables 12 and 13). In the 
experiment with light intensities of 50, 350 and 650 foot-candles, rates 
of photosynthesis per seedling in the two central European sources (54° 
and 50°) were greater than in the northernmost (60°) seed source (Tables 
51 
Table 10. Mean rates of net and gross photosynthesis and respiration 
for each of three CO concentrations, for the three seea 
sources (light intensities of 3,000, 6,000 and 9,000 foot-
candles pooled) 
Dependent variable CO^ beed source 
Concentration 60°(208) 54°(216) 50°(214) 
ppm Mg CO^ absorbed or evolved per hour 
Net photosynthesis/ 400 35.0 41.6 34.1 
seedling 300 23.3 32.0 25.2 
200 9.5 14.0 8.2 
Net photosynthesis/g 400 2.6 2.9 2.1 
fresh wt. 300 1.5 2.3 1.6 
200 0.5 1.0 0.5 
Net photosynthesis/g 400 7.4 5.5 6.3 
dry wt. 300 4.4 4.2 4.8 
200 1.6 1.8 1.6 
Respiration/seedling — — — 14.5 19.0 17.2 
Respiration/g fresh wt. 1.2 1.2 1.1 
Kespiration/g dry wt. 3.4 2.6 3.3 
Gross photosynthesis/ 400 49.5 60.6 51.3 
seedling 300 37.8 51.1 42.5 
200 24.0 33.0 25.4 
Gross photosynthesis/g 400 3.8 4.2 3.1 
fresh wt. 300 2.7 3.6 2.6 
200 1.8 2.3 1.6 
Gross photosynthesis/g 400 10.8 8.1 9.7 
dry wt. 300 7.8 6.8 8.2 
200 5.0 4.4 4.9 
I 
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Table 11. Mean squares from analyses of variance for water loss, photosynthesis and resp 
including light intensity, temperature, CO^ and seed source treatments 
Dependent 
variable 
Replication Light intensity 
Total (linear) (lack of 
fit) 
1 d.f.^ 2 d.f. (1 d.f.) (1 d.f.) 
Temper­
ature 
1 d.f. 
See 
Total (C^)^ 
2 d.f. (1 d.f 
CO compensation point 
Time to reach CO com­
pensation point 
Water loss 
Net Ps/seedling 400 ppm 
Net Ps/seedling 300 ppm 
Net Ps/seedling 200 ppm 
Net Ps/g fresh wt. 400 ppm 
Net Ps/g fresh wt. 300 ppm 
Net Ps/g fresh wt. 200 ppm 
Net Ps/g dry wt. 400 ppm 
Net Ps/g dry wt. 300 ppm 
Net Ps/g dry wt. 200 ppm 
Rs/seedling 
Rs/g fresh wt. 
Rs/g dry wt. 
Gross Ps/seedling 
Gross Ps/seedling 
Gross Ps/seedling 
Gross Ps/fresh wt. 
Gross PsA^resh wt. 
Gross Ps/^resh wt. 
Gross Ps/g dry wt. 
Gross Ps/g dry wt. 
Gross Ps/g dry wt. 
400 ppm 
300 ppm 
200 ppm 
400 ppm 
300 ppm 
200 ppm 
400 ppm 
300 ppm 
200 ppm 
173.0 
4.0 
230.0 
409.32 
10.79 
0.57 
1.68 
0.43 
0.24 
0.03 
2.30 
0.09 
83.94 
0.32 
0.06 
864.16 
154.96 
70.76 
3.47 
1.50 
1.11 
0.18 
1.63 
0.003 
146 
157 
11,882 
NS 
411 
NS 
46. 4 NS NS 
341. 
368. 
152. 
15* NS 
51 689. 
90 305. 2I* 
NS 
47 
0 
15,088 
17,778 
_** 
** 
1,256 
3,374 
NS 
NS 
2.35 NS 
3.24 NS 
0.95 NS 
3.21* NS 
NS 
NS 
NS 
• NS 
10.69* 13.21%% 8, 
3.90 7.51 0, 
17 
28 
17.39 NS 
0.07 NS 
0.26 NS 
NS 
NS 
NS 
493.96* NS **NS 
534.48*1,030.92^^ 37, 
271.99 544.01" 0, 
3.03 NS 
3.76 NS 
1.08 NS 
4.28 NS 
10.49 NS 
3.00 NS 
NS 
NS 
NS 
NS 
NS 
NS 
* 
600.2 
1,848.85* 
,66 92.64 
,49 162.56 
V 
22.58 
3.37 
0 .11  
* 
72.56** 
1.26* 
6 . 8 8  
** 
213.21 
3,91 
13.99" 
** 
** 
' *  
3,317.38* 
98 587.01 
001 3.45 
** 
45.29 
14.53 
2 . 6 8  
150.51* 
23.75 
1.27 
76.4 NS 
201.43 NS 
252.83 NS 
109.89 NS 
2.22 NS 
2.54 NS 
1.06 NS 
10.59 NS 
1.11 NS 
0.18 NS 
61.05* 102. 
0.11 NS 
2.44 NS 
425.55* NS 
540.42* 102. 
278.93 216. 
3.30 
3.35 
1.67 
NS 
NS 
NS 
22.06 NS 
5.84 NS 
1.35 NS 
d.f. = degrees of freedom 
0 = comparison 1, 208(60°) vs. mean of 216(54°) and 214(50°) 
, 1 
'Cg = comparison 2, 216(54°) vs. 214(50°) 
Significant at the 57o probability level 
** 
Significant at the 1% probability level 
loss, photosynthesis and respiration variables for the experiment 
seed source treatments 
cy Temper­
ature 
•ck of 
fit) 
d.f.) 1 d.f 
Total (C^) 
Seed source 
b 
Error 
(Cg) Light Int.X 
Temp. 
Light Int.X Temp.X Light Int.XTemp.X 
Seed source Seed source Seed source 
4 d.f. 2 d.f. 4 d.f 
NS NS 3 ,457 1,764 3,570 885 
NS NS 804 407 1,915 749 
NS NS 23.6 197.4 28.1 121.7 
NS NS 76,64 365.11 206,25 116.69 
NS NS 146,20 81,17 361.10 60.15 
NS NS 60,46 28.16 54.62 30.96 
NS NS 4,18 2,39 2.35 2.42 
NS NS 4.52 1.20 3.31 1.91 
NS NS 1,24 0.53 0.63 0.66 
NS NS 2,75 2,19 2.80 1.07 
NS NS 0.78 1,37 2.18 2.56 
NS NS 0.81 0,41 0.72 0.86 
•k-k 
102 .90 19. 20 15.25 21,40 33.72 15.90 
NS NS 0.85 0,40 0,37 0.46 
NS NS 1.16 2.18 2.20 1.10 
NS ik'k NS 148.88 333.95 405.41 186.58 
102 .90 19. 20* 127.15 77.36 615,28 59.76 
216 .24 341. 65 127.97 9.62 173,80 33.27 
NS NS 8,65 3.35 4.34 4.64 
NS NS 8.80 1.74 4.73 3.46 
NS NS 3.93 1.10 1.38 1.67 
NS NS 7,38 2.01 9,88 3.81 
NS NS 1.27 1.12 2,33 3.69 
NS NS 2,64 1.05 0,86 1.71 
17 d.f. 
411 
MS 
** 
15,088** 1,256 
17,778 3,374 
* 
NS 600.2 76,4 
NS 1,848.85* 201.43 
47. 66 92.64 252,83 
0. 49 162.56 109,89 
NS 
* 
22.58 2,22 
NS 3.37 2.54 
NS 0.11 1.06 
NS 
* 72.56** 10.59 
8. 17 1,26* 1,11 
0. 28 6.88 0,18 
NS 213.21^ 
13,99 
61,05 
NS 0.11 
NS 2.44 
NS 
•kit 
3,317.38* 425.55 
37, 98 587,01 540.42 
0. 001 3,45 278.93 
NS 
** 
45.29* 3.30 
NS 14,53 3,35 
NS 2.68 1,67 
NS 
** 
150.51* 
23,75 
22,06 
NS 5,84 
NS 1.27 1.35 
1,302 
901 
88.4 
279.93 
92.30 
44.66 
3.21 
2.00 
0.50 
5.91 
1.46 
0.55 
10.45 
0.26 
1 .20  
356.09 
125.00 
64.16 
5.02 
3.38 
1.25 
10.07 
3.67 
1.44 
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Table 12. Mean rates of net and gross photosynthesis and respiration 
for the three seed sources (light intensities of 1,200,  
1,800 and 2,400 foot-candles pooled) 
Dependent variable 
Seed source 
60°(208) 54°(216) 50°(214) 
Net photosynthesis/seedling 
Mg CO^ absorbed or evolved per hour 
35.2 52.5 32.6 
Net photosynthesis/g 
fresh wt. 3.6 2.9 3.7 
Net photosynthesis/g 
dry wt. 10.4 8.3 10.8 
Respiration/seedling 8 . 0  9.7 6.5 
Respiration/g 
fresh wt. 0 .8  0.5 0.7 
Respiration/g 
dry wt. 2.4 1.4 2 . 1  
Gross photosynthesis/ 
seedling 43.2 6 2 . 2  39.2 
Gross photosynthesis/g 
fresh wt. 4.5 3.4 4.4 
Gross photosynthesis/g 
dry wt. 12.8  9.8 12.9 
54 
Table 13. Mean squares from analyses of variance for photosynthesis and respiration data, 
intensities of 1,200, 1,800 and 2,400 foot-candles 
^ 1_ 
Source of variation 
Dependent variable Replication Light intensity 
' Total (linear) (lack of fit) 
c 
Tot 
2 d. f.^ 2 d. f. (1 d.f.) (1 d.f.) . 2 d 
Net photosynthesis/seedling Ill .95 361. 44 NS NS 1,049" 
Net photosynthesis/g fresh wt. 0 .75 0. 76 NS NS 1 
Net photosynthesis/g dry wt. 11 .88 4. 41 NS NS 
** ** 
Respiration/seedling 1 . 06 83. 49** 166.90** 0.09* 23 
Respiration/g fresh wt. 0 .01 0. 37., 0.25 0 
Respiration/g dry wt. 0 .29 6. 06 4.41 1.65 4 
Gross photosynthesis/seedling 123 .58 772. 67 NS NS 1,364 
Gross photosynthesis/g fresh wt. 0 .97 1. 89 NS NS 3 
Gross photosynthesis/g dry wt. 15 .83 12. 82 NS NS 29 
^d.f. = degrees of freedom 
= comparison 1, 208(60°) vs. mean of 216(54°) and 214(50°) 
= comparison 2, 216(54°) vs. 214(50°) 
* 
Significant at the probability level of 5% 
Significant at the probability level of 1% 
"iance for photosynthesis and respiration data for the experiment with light 
1,400 foot-candles 
J 
.on Source of variation 
on Light intensity Seed source Error 
rot Total (linear) (lack of fit) Total (cp^ (Cz): L.I.X. 
2 d 2 d.f. (1 d.f.) (1 d.f.) 2 d.f. (1 d.f.) (1 d.f.) S.S. 16 d.f. 
049 361.44 NS NS 1,049.51 NS NS 133.13 351.59 
0.76 NS NS 1.64 NS NS 1.16 1.42 
4.41 NS NS 16.27 NS NS 10.69 14.28 
23 
0 
4 
** 
83.49** 
0.37* 
6.06 
** 
166.90^ 0.09* 
0.25 
1.65 
23.08** 
0.28* 
4.41 
NS 
0.33* 
2.27 
NS V 
0.24 
2.14 
5.56 
0.08 
.70 
13.37 
0.05 
.52 
364 
q 772.67 NS NS 1,364.98* 343.38 2,370.16* 176.09 464.56 
29 1.89 NS NS 3.14 
NS NS 1.55 1.73 
12.82 NS NS 29.37 NS NS 14.24 18.03 
1 of 216(54°) and 214(50°) 
50°) 
: 57o 
>f 1% 
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14 and 15). 
Table 14. Mean rates of net and gross photosynthesis and respiration 
for the three seed sources (light intensities of 50, 350, 
and 650 foot-candles pooled) 
Dependent Seed source 
variable 60°(208) 54°(216) 50°(214) 
Mg. CO absorbed or evolved per hour 
Net photosynthesis/seedling 7.0 13.3 13.5 
Net photosynthesis/gm. fresh wt. 0.8 0.5 0.6 
Net photosynthesis/gm. dry wt. 2.0 1.5 1.8 
Respiration/seedling 1.1 4.5 2.9 
Respiration/gm. ^resh wt. 0.1 0.2 0.1 
Respiration/gm. dry wt. 0.3 0.5 0.4 
Gross photosynthesis/seedling 8.1 17.8 16.3 
Gross photosynthesis/gm. fresh wt. 0.9 0.7 0.7 
Gross photosynthesis/gm. dry wt. 2.3 2.0 2.2 
The experiment with light intensities of 3,000, 6,000 and 9,000 
foot-candles showed a lower rate of respiration per seedling in the 
northernmost source than in the two central European sources, but, in 
this experiment, no differences among seed sources in rate of respira­
tion per gram fresh or dry weight of needles occurred (Tables 10 and 11). 
The experiment with light intensities of 1,200, 1,800 and 2,400 foot-
candles showed rate of respiration per gram fresh weight of needles to 
be greater in the northernmost source than in the two central European 
sources. Rate of respiration per gram fresh weight of needles was greater 
in the seed source from 50° than in the one from 54° (Tables 12 and 13). 
The experiment with the lowest light intensities (50, 350 and 650 foot-
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Table 15. Mean squares from analyses of variance for photosynthesis and respiration 
light intensities of 50, 350 and 650 foot-candles 
Dependent variable Replication 
Source of varia 
Light intensity 
Total (linear) (lack of fit) 
2 d.f.^ 2 d.f. (1 d.f.) (1 d.f.) 
Net photosynthesis/seedling 
Net photosynthesis/g fresh wt. 
Net photosynthesis/g dry wt. 
11.91 . 
0.12 
0.48 
** 
415.99** 
1.03** 
8.90 
** 
803.20^ 
J::" 
29.83 
0.01 
0.10 
Respiration/seedling 
Respiration/g fresh wt. 
Respiration/g dry wt. 
26.46 
0.14 
0.88 
18.14* 
0.02 
0.14 
* 
22.98 
NS 
NS 
14.17 
NS 
NS 
Gross photosynthesis/seedling 
Gross photosynthesis/g fresh wt. 
Gross photosynthesis/g dry wt. 
71.88 
0.51 
2.54 
** 
J::-
** 
1,095.12** 
21.98 
83,03 
0.04 
0.11 
d.f. = degrees of freedom 
= comparison 1, 208(60°) vs. mean of 216(54°) and 214(50°) 
'C = comparison 2, 216(54°) vs. 214(50°) 
Significant at the 5% probability level 
Significant at the VL probability level 
for photosynthesis and respiration data for the experiment with 
ot-candles 
Source of variation 
Light intensity Seed source Error 
)tal (linear) (lack of fit) Total (cp^ (Cg): L.I.X 
S S. 
d.f. (1 d.f.) (1 d.f.) 2 d.f. (1 d. f.) (1 d.f.) 4 d.f. 16 d. 
îWf 
15.99** 
iVsV 
803.20„ 
J::-
29.83 
** 
123.19 246 . 14** 0.10 40.60 14.92 
1.03** 
8.90 
0.01 
0.10 
0.17 
0.55 
NS 
NS 
NS 
NS 
0.02 
0.19 
0.07 
0.63 
18.14* 
* 
22.98 14.17 
** 
25.38 38 
** 
.86 11.96 6.76 3.83 
0.02 NS NS 0.002 NS NS 0.02 0.01 
0.14 NS NS 0.05 NS NS 0.19 0.10 
** 
1,095.12** 
2-46** 
21.98 
83.03 
** 
245.24 481 
** 
.15 9.72 73.49 27.93 
0.04 
0.11 
0.15 
0.25 
NS 
NS 
NS 
NS 
0.05 
0.53 
0.13 
1.05 
216(54°) and 214(50°) 
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candles) showed rate of respiration per seedling to be greater in the two 
central European sources than in the northernmost source (Tables 14 and 15). 
Effect of light intensity 
COg compensation point decreased as light intensity increased over the 
3,000 to 9,000 foot-candle range (Figure 11). However, light intensity 
over this range had no effect on time to reach CO^ compensation point and 
no effect on total water loss during the measurement period (Table 11). 
At a COg concentration of 400 ppm, light intensity over the 3,000 to 
9,000 foot-candle range had no significant effect on rates of net or gross 
photosynthesis. However, at a CO^ concentration of 300 ppm, rate of net 
photosynthesis per seedling and per gram dry weight of needles, and rate 
of gross photosynthesis per seedling, increased with light intensity. At 
a 200 ppm CO^ concentration, rate of net photosynthesis per seedling and 
per gram dry weight of needles increased with light intensity, as did rate 
of gross photosynthesis per seedling. However, rates of gross photosyn­
thesis per gram fresh or dry weight of needles were little affected by 
light intensity at this CO^ concentration (Figures 12 and 13, Table 11). 
Over the 1,200 to 2,400 foot-candle range, at a CO^ concentration of 400 
ppm, light intensity had no effect on rates of net or gross photosynthesis 
(Table 13), but at the same CO^ concentration, rates of net and gross 
photosynthesis increased with light intensities over the 50 to 650 foot-
candle range (Figure 14, Table 15). These results indicate that at a CO^ 
concentration of 4Ô0 ppm, light saturation occurred between 650 and 1,200 
foot-candles. 
Rate of dark respiration per seedling increased linearly with pre­
ceding light intensity over the 50 to 650 foot-candle range (Table 15). 
I 
Figure 11. The relationship between CO^ compensation point 
and light intensity. " 
COg COMPENSATION POINT-ppm 
5 ôi o 
o9 ° o 
Figure 12. The relationship between rate of net and gross 
photosynthesis per seedling and light intensity, 
for three CO^ concentrations (400, 300, and 200 
ppm). 
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Figure 13. The relationship between rate of net photosynthesis 
per gram fresh and dry weight of needles and light 
intensity, for three CO^ concentrations (400, 300 
and 200 ppm). 
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Figure 14. The relationship between rate of net and gross 
photosynthesis per gram of fresh and dry weight 
of needles and light intensity, (400 ppm CO^). 
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Over the 1,200 to 2,400 foot-candle range, rate of dark respiration ex­
pressed on any base increased linearly with preceding light intensity 
(Table 13). The experiment with light intensities of 3,000, 6,000 and 
9,000 foot-candles showed no effect of preceding light intensity on dark 
respiration (Table 11). 
Effect of temperature 
Mean needle temperature increased slightly with light intensity 
over the 3,000 to 9,000 foot-candle range, although ambient temperature 
did not. Mean needle temperature was 4.3°C higher in light than dark 
at an ambient temperature of 5°C, and 5.8°C higher in light than dark 
at an ambient temperature of 15°C. Mean needle temperatures resulting 
from the two ambient temperature treatments of 5°C and 15°C were 10.5°C 
and 19.3°C in light and 6.2°C and 14.5°C in dark. 
COg compensation point increased from 130 to 171 ppm as needle 
temperature increased from 10.5°C to 19.3°C, and time to reach CO^ com­
pensation point decreased from 162 to 118 minutes over the same range 
of needle temperature (Table 16). Water loss during measurement at the 
higher temperature was approximately double that at the lower temper­
ature (Table 16). Rates of net and gross photosynthesis increased with 
' an increase in needle temperature at a CO concentration of 400 ppm 
(Figure 15). The of the rate of net photosynthesis was 1.6 on a 
seedling basis, and 2.1 on a gram fresh or dry weight of needle basis. 
However, rate of net photosynthesis was unaffected by temperature at a 
CO^ concentration of 300 ppm (Figure 15). Rate of gross photosynthesis 
Figure 15. The relationship between rate of net photosynthesis 
per gram fresh and dry weight of needles and mean 
needle temperature, for three C0„ concentrations 
(400, 300 and 200 ppm). 
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Figure 16. The relationship between rate of net and gross 
photosynthesis per seedling and mean needle tem­
perature, for three CO^ concentrations (400, 300 
and 200 ppm). 
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Figure 17. The relationship between rate of dark respiration 
per gram fresh and dry weight of needles and mean 
needle temperature. 
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Table 16. Mean CO^ compensation points, times to reach CO compensation 
point and transpiration values for two mean needle temperatures 
Needle CO^ compensation Time to reach CO^ Trans-
temp. ~ point compensation point piration 
°c ppm CO^ min. g HgO 
10.5 130 162 7.4 
19.3 171 118 15.6 
increased with temperature at the 300 ppm CO^ concentration, thus re­
flecting an increase in respiration rate with temperature (Table 11). 
At a CO^ concentration of 200 ppm, rates of net photosynthesis per 
seedling and per gram dry weight of needles decreased with an increase 
in temperature (Figures 15 and 16). Rates of gross photosynthesis were 
unaffected by temperature at this CO^ concentration (Figure 16). Rate 
of dark respiration increased with an increase in needle temperature 
(Figure 17). The of dark respiration was 1.4 on a seedling basis, 
2.0 on a gram fresh weight of needle basis and 1.6 on a gram dry weight 
of needles basis. 
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DISCUSSION 
Growth and Distribution of Assimilate 
Effect of seed source 
Marked differences in growth among seed sources were exhibited by 
first- and second-year seedlings. For first-year seedlings, total height, 
total fresh and dry weights, and fresh and dry weights of top and needles 
exhibited a curvilinear relationship with latitude of seed source, and 
calculated growth maxima occurred between 47° and 50°. In this range of 
latitudes, maximum daylengths are close to 16 hours, the artificially 
extended daylength under which the seedlings were grown. For fresh and 
dry weights of stem and roots, the relationship with latitude was not 
as strongly curved, thus indicating that daylength exerted a lesser in­
fluence on these variables. Production of juvenile needles was not as 
closely related to daylength as production of mature needles. Fresh 
and dry weight of juvenile needles varied less with latitude than did 
fresh and dry weight of mature needles, and the relationship with lat­
itude was linear. Optimum shoot-root ratio is lower than the maximum 
obtainable under a given daylength; shoot-root ratio was maximum at a 
latitude south of the latitude of maximum growth. An early differen­
tial response to daylength was indicated by the sample of seedling tops 
and heights measured during the growth period, which showed that the 
latitudinal growth pattern was established at least two months before 
harvest. 
The latitudinal growth pattern exhibited by the first-year seed­
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lings was, in general, comparable to the second-year pattern. The 
central European seed sources from 50° and 54° grew more in height and 
produced more fresh and dry weight than the northern European source 
(60°). However, the central European source from 54° reached a slightly 
larger size by the second year than the source from 50°, a reversal of 
the first-year trend. The initial influence of daylength was probably 
modified more strongly by other influences during the second year, thus 
producing a weaker relationship of second-year growth to latitude of 
seed source. 
A simple relationship is commonly assumed to exist between the en­
vironment of an adapted genotype and the behavior of that genotype when 
subjected to a different environment. The validity of this assumption 
has been demonstrated for certain growth characteristics of Scotch pine 
seedlings by this study. Latitude is strongly related to daylength and 
less strongly related to temperature and integral solar radiation, which 
often are modified by altitude, atmospheric conditions, proximity to 
large bodies of water and other factors. Logically, then, the relation­
ship of a given growth variable to latitude of seed source is assumed 
to be a measure of the relationship of the variable to daylength. 
Departures from the linear or curvilinear relationship with lat­
itude of seed source perhaps represent significant modifications of 
daylength adaptation by regional conditions. Thus, change in response 
caused by latitude of parent environment appears to be more rapid north 
than south of the Baltic. This difference may be caused by the steeper 
gradients of temperature and length of growing season north of the 
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Baltic then in central Europe. Unfortunately, this study did not include 
enough southeastern European seed sources to warrant generalization about 
this region. 
On the basis of these departures from general daylength adaptation, 
northern and central "ecotypes" of Scotch pine for Eastern Europe could 
be hypothesized. However, unless a specific purpose exists for doing so, 
such operations are idle. For the growth variables measured, variation 
was continuous, but rate of variation differed with respect to latitude 
within each region. If, therefore, a clinal or an ecotypic description 
of genetic variation in Scotch pine must be chosen, these data support 
the former. However, as age increases, the genetic material selected 
by regional influences may become increasingly important physiologically, 
and the growth behavior of seedlings from latitudinally disparate origins 
within the same climatic region may become similar, thereby obscuring 
earlier growth differences due to selection under different daylengths. 
Photosynthesis and Respiration 
Effect of seed source 
Rates of photosynthesis per seedling varied among seed sources for 
both first- and second-year seedlings, but rates of photosynthesis per 
gram fresh and dry weight of needles varied with seed source in first-
year seedlings only. Fewer seed sources (three as opposed to eight) 
were included in the second-year study, and they spanned a narrower 
range of latitudes. Moreover, with increased needle quantity and aver-
I 
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age needle age, the influence of genotype on rate of photosynthesis per 
unit of needle weight probably became smaller relative to environmental 
influences. 
Rates of photosynthesis per seedling in first-year seedlings were 
related in a curvilinear fashion to latitude of seed source, and cal­
culated maximum rates occurred in the same range of latitudes (50° to 
47°) as did maximum needle growth. In the second year, maximum rates of 
photosynthesis per seedling again occurred in the seed source (54°) which 
produced maximum needle weight. For first-year seedlings, discontinuities 
in the relationship between latitude of seed source and rate of photo­
synthesis per seedling occurred at the same latitudes as did the dis­
continuities in the growth relationships previously discussed, but were 
more pronounced. 
Rates of photosynthesis per gram fresh and dry weight of needles 
were minimum at approximately the same latitude that needle weight was 
maximum. Thus, a smaller portion of the total needle weight was photo-
synthetically active when produced under optimum daylength conditions. 
Perhaps seedlings, in which growth was retarded by improper daylength, 
did not initially produce new needles at as great a rate as those a-
dapted to the prevailing daylength, and thus produced less total photo-
synthate over any given interval of time. Distribution of the photo-
synthate that was produced in the nonadapted seedlings also probably 
did not favor maximum needle development. The photosynthate that was 
available to the needles would have been used principally in the main­
tenance of existing protoplasm. The quantity of residual photosynthate 
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left for starch storage thus would have been smaller for the nonadapted 
seedlings, and perhaps needle cell walls were thinner. Therefoie, the 
ratio of photosynthesizing protoplasm to starch, cell wall, and non-
photosynthetic protoplasm was greater in the nonadapted seedlings, and 
they fixed more CO^ per unit needle weight than did the adapted seedlings. 
The seed source which grew most fixed the least rather than the most 
CO^ per unit of leaf weight. This has implications for the tree breeder 
using physiological selection criteria. For Scotch pine seedlings, rate 
of photosynthesis per unit' of needle weight was related to source of 
seed, and hence to genotype, but the relationship was not as anticipated. 
Thus an-early, short-term selection program based on retaining seedlings 
exhibiting maximum rates of photosynthesis per unit of needle weight 
would, as indicated by these data, be a selection for minimum growth 
rates. 
Effect of environmenta1 factors 
Light intensity and temperature affected rates of net and gross 
photosynthesis in the second-year seedlings, but did not interact with 
each other. Light intensity and temperature interacted with CO^ con­
centration. 
Rates of net and gross photosynthesis in first- and second-year 
seedlings showed little response to light intensity over the 3,000 to 
9,000 foot-candle range, at a CO^ concentration of 400 ppm. If the re­
sults of the three experiments of Study II are pooled, light saturation 
of photosynthesis occurs at or below 1,200 foot-candles. This result 
differs from the findings of Stalfelt (1924) and Decker (1957) who 
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found that rate of photosynthesis in Scotch pine increased with light 
intensity up to full sunlight. Two factors may account for this dif­
ference; (1) the greenhouse in which the seedlings in the present studies 
were grown was shaded during the month before rates were measured, and 
(2) 400 ppm is a higher CO^ concentration than was employed by either 
of the other workers. Probably, needle temperature was lower in these 
experiments than in those of Stalfelt and Decker. However, at the lower 
COg concentrations employed in the experiments of Stalfelt and Decker, 
the effect of temperature should not have been important. 
Light compensation point at a CO^ concentration of 400 ppm appeared 
to be less than 50 foot-candles. When the line of best fit for the lowest 
three light intensities employed (50, 350, and 650 foot-candles) was ex­
trapolated to zero light intensity to estimate light compensation point, 
a positive value for net photosynthesis was obtained. No explanation of 
this behavior is available. 
At COg concentrations of 300 and 200 ppm, rate of photosynthesis in­
creased with light intensity over the 3,000 to 9,000 foot-candle range, 
in agreement with the findings of Stalfelt and Decker. These results, 
when pooled with the 400 ppm CO^ results, imply that light saturation 
intensity decreased when CO^ concentration increased. Rabinowitch (1951) 
suggested that the imposition of a ceiling on the photosynthetic process 
by a third factor or complex of factors could explain results of this 
type. Temperature was the most probable limiting third factor in these 
experiments- However, Chapman and Loomis (1953) and others have found 
that light saturation intensity increased with increased CO^ concentra-
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tion, in species other than Scotch pine. 
Increased needle temperature increased rates of photosynthesis only 
at the 400 ppm CO^ concentration. At lower CO^ concentrations, rate of 
the dark reaction was apparently limited so severely by CO^ concentration 
that temperature had no effect. At the lowest CO^ concentration (200 ppm), 
rate of photosynthesis was low enough, relative to rate of respiration, 
that the increase in respiration rate, caused by the increase in temper­
ature, significantly lowered rate of net CO^ fixation. 
Temperature and light intensity affected CO^ compensation point and 
time to reach CO^ compensation point. An increase in needle temperature 
increased transpiration during the measurement period, but increased light 
intensity did not increase transpiration except as it affected needle tem­
perature. COg compensation point decreased with increasing light inten­
sity, up to 9,000 foot-candles, the highest intensity used. Light inten­
sity had no effect on time to reach CO^ compensation point- An increase 
in temperature increased CO^ compensation point and decreased time to 
reach CO^ compensation point. These results indicate that CO^ compensation 
point is determined by light intensity and temperature. Rate of photosyn­
thesis decreased with decreasing CO^ concentration until rates of photosyn­
thesis and respiration were balanced. At low CO^ concentrations, temper­
ature did not affect rate of photosynthesis but did affect rate of respir­
ation. An increase in temperature, therefore, should increase CO^ compen­
sation point. Increased light intensity increases rate of photosynthesis, 
but presumably does not affect rate of respiration proportionally; thus, 
CO^ compensation point should decrease. CO^ compensation point should be 
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lowest when a plant is exposed to high light intensity and low temper­
ature. In nature, however, high light intensities and high needle 
temperatures usually occur together; therefore, average field CO^ com­
pensation points during the growing season should be high and should 
vary with the intensity of solar radiation. At a light intensity of 
3,000 foot-candles and the relatively low needle temperature of 19.3°C, 
COg compensation point was approximately 170 ppm. Possibly, on hot sum­
mer days, field CO^ concentrations might fall to values near or below 
COg compensation point for Scotch pine seedlings. Partial shade, which 
reduces needle heating caused by solar radiation, but which does not 
reduce rate of photosynthesis proportionally, should result in increased 
utilization of COg. 
Rates of dark respiration increased with an increase in preceding 
light intensities over the 50 to 650 foot-candle range. This increase 
probably was caused by increased quantities of needle sugar that were 
available as respiratory substrate because of increased rates of puocc-
synthesis in the preceding light period. However, an inductive effect 
of light intensity on respiration, not directly associated with sugar 
production, may also account for this response. The existence of such 
an inductive effect was indicated by the significant increase in rates 
of respiration over the 1,200 to 2,400 foot-candle range with no in­
crease in rates of net photosynthesis. 
Seed source-environmenta1 factor interactions 
Unexpectedly, the only interacting effects of seed source and 
light intensity on rates of photosynthesis and respiration occurred in 
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first-year seedlings and were confined to the northernmost seed sources 
(62° and 66°). These sources were affected oppositely by light inten­
sities above 3,000 foot-candles. No explanation for this is available. 
Because the interacting effects of seed source and environmental factors 
other than light intensity on rates of photosynthesis and respiration 
were small or nonexistent in these experiments, environmental factors 
probably must interact with genotype over a considerable time before 
they exert a measurable combined influence. 
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